California sea lions are one of the major marine mammal species along the Pacific coast of North America. Sea lions are susceptible to a wide variety of viruses, some of which can be transmitted to or from terrestrial mammals. Using an unbiased viral metagenomic approach, we surveyed the fecal virome in California sea lions of different ages and health statuses. Averages of 1.6 and 2.5 distinct mammalian viral species were shed by pups and juvenile sea lions, respectively. Previously undescribed mammalian viruses from four RNA virus families (Astroviridae, Picornaviridae, Caliciviridae, and Reoviridae) and one DNA virus family (Parvoviridae) were characterized. The first complete or partial genomes of sapeloviruses, sapoviruses, noroviruses, and bocavirus in marine mammals are reported. Astroviruses and bocaviruses showed the highest prevalence and abundance in California sea lion feces. The diversity of bacteriophages was higher in unweaned sea lion pups than in juveniles and animals in rehabilitation, where the phage community consisted largely of phages related to the family Microviridae. This study increases our understanding of the viral diversity in marine mammals, highlights the high rate of enteric viral infections in these highly social carnivores, and may be used as a baseline viral survey for comparison with samples from California sea lions during unexplained disease outbreaks.
California sea lions (Zalophus californianus) have a population of approximately 240,000 and along with seals and walruses are members of the subgroup Pinnipedia in the suborder Caniformia in the order Carnivora. They inhabit mainland shorelines and coastal islands along the west coast of North America and migrate along the coast during the nonbreeding season. California sea lions are strict carnivores, eating a variety of marine prey, including more than 50 species of fishes and cephalopods. Sea lion pups start eating fish at about 5 months of age, in addition to their mother's milk; are weaned at 10 to 12 months old; and can live up to 15 to 25 years. California sea lions are gregarious animals, forming large rookeries at breeding sites, and aggregate at high densities on haul-out sites (7) .
California sea lions share beaches and coastal waters with humans, often resting on human-made structures such as docks and boats, and are affected by pathogens and chemicals that enter coastal waters through runoff and sewage outfalls (5) . Features of California sea lions, including their large population, wide geographic distribution and migration, gregarious nature, long life span, and shared environment with humans, may favor the transmission of viruses among themselves and to and/or from humans and other mammals.
A commonly reported sea lion virus is San Miguel sea lion virus (SMSV), a calicivirus in the genus Vesivirus. SMSV was first isolated from California sea lions from San Miguel Island in 1972 (53) . SMSV causes vesicular lesions of the skin and mucosa, abortion, pneumonia, and encephalitis in sea lions and is transmissible to swine, generating a disease identical to that caused by vesicular exanthema of swine virus (VESV), a very closely related calicivirus (43, 65) . The epidemics of VESV in North America from the 1930s to 1950s were shown by classical virological investigations to be serotypes of marine origin (56, 57, 65) . SMSV was also found in vesicular lesions in humans, and antibodies were detected in blood donors (54, 55) .
Canine distemper virus (CDV), a paramyxovirus of the genus Morbillivirus, was first described in 1905 (48) . CDV most commonly affects dogs and causes gastrointestinal and respiratory symptoms as well as neurological symptoms. It also infects other domestic and wild carnivores, including ferrets, mink, foxes, and raccoons (38) . CDV infection is not confined to terrestrial host species and has caused significant problems in marine mammals in the past 2 decades. It was identified as the cause of death of several thousand Baikal seals (Phoca sibirica) in 1988 (22) and 10,000 Caspian seals (Phoca caspica) in 2000 (30) . CDV was also detected in the brain tissue of one captive California sea lion that died of unknown causes in 1995 in Europe (4) .
Besides SMSV and CDV, viruses detected in California sea lions also include astrovirus (AstV) (50) , polyomavirus (15) , anellovirus (45) , gammaherpesvirus (10, 32, 36) , parapoxvirus (46, 47) , retrovirus (31) , and adenovirus (18) . Otarine herpesvirus 1 is considered a possible contributing factor to the unusually high occurrence of tumors in California sea lions (10, 32, 44) . A parapoxvirus was isolated from cutaneous nodular lesions, and the prevalence of antiparapoxviral antibodies in 761 free-ranging California sea lions was 91% (46, 47) .
In this study, we used next-generation sequencing to get a comprehensive view of the fecal viral populations from wild and temporarily captive California sea lions. We report previously uncharacterized California sea lion viruses, including astroviruses, picornaviruses, bocaviruses, sapoviruses, and other viruses. These results provide a baseline for the current enteric viral burden in this marine mammal species that can be compared to later virome surveys to detect alterations associated with changes in their health or population size.
MATERIALS AND METHODS
Animal specimen collection. Fecal specimens from three groups of California sea lions were collected by The Marine Mammal Center (TMMC) during July to October 2010. A total of 47 fecal specimens were analyzed. One group consisted of feces from 14 pups (3 months old) on San Miguel Island, CA. A second group consisted of feces from 19 juveniles (2 to 3 years old) also on San Miguel Island, CA. A third group consisted of samples from 14 California sea lions (Ͼ1 year old) being rehabilitated at TMMC for reasons including malnutrition, domoic acid toxicosis, leptospirosis, cancer, pneumonia, entanglement, and trauma (23) . Fecal specimens were stored in small plastic bags and frozen at Ϫ80°C. Sample collection was performed under Marine Mammal Protection Act (MMPA) permit no. 932-1905-00/MA-009526 while animals were handled for veterinary examination.
Sample preparation and viral nucleic acid extraction. Fecal samples were processed as previously described (62) . Briefly, fecal samples were resuspended by vigorous vortexing in Hanks' buffered saline solution (Gibco BRL) at a concentration of ϳ0.5 g/ml. The stool suspension was then centrifuged at 10,000 ϫ g for 3 min, and the supernatant was filtered through a 0.45-m filter (Millipore) to remove bacteria or cellular debris. The viral-particle containing filtrates were digested with a mixture of DNases and RNases to remove unprotected (not in viral capsids) nucleic acids (1) . Viral RNA and DNA were then extracted by using the QIAamp viral RNA Minikit (Qiagen). Extracted viral nucleic acids were protected from degradation by the addition of 40 U of RNase inhibitor (Fermentas) and stored at Ϫ80°C for future use.
Library construction and pyrosequencing. Combined viral RNA and DNA libraries were constructed by random PCR amplification using reverse transcription (RT) and PCR primers with degenerate 3Ј ends as previously described (62) . Random PCR products were pooled and separated on a 2% agarose gel, and DNA fragments from 500 bp to 1,000 bp were excised and extracted. The resulting purified product was prepared for sequencing by use of a GS FLX Titanium general library preparation kit (454 Life Science, Roche), and the library of single-stranded DNA fragments was sequenced on a single pyrosequencing gasket by use of a Genome Sequencer FLX instrument (454 Life Science, Roche), generating approximately 616,000 high-quality nucleotide sequence reads with an average length of 260 bases.
Bioinformatics. The pyrosequencing reads were sorted into their fecal samples of origin according to their unique sequence tag (20 fixed bases of the random PCR primer). Primer sequences plus the adjacent 8 nucleotides were then trimmed from each read. Trimmed reads from each sample were assembled de novo by using the Mira assembly program (13) , with a criterion of 95% identity or greater over Ն35 bp. The sequences greater than 100 bp were compared to the GenBank nonredundant nucleotide and protein databases using BLASTn and BLASTx, respectively. Sequences were classified into eukaryotic viruses, phages, bacteria, and eukaryotes based on the taxonomic origin of the best-hit sequence. An E value of 0.001 was used as the cutoff value of significant hits.
Phylogenetic analysis. Reference viral sequences from different viral families were obtained from GenBank. Amino acid sequence alignments were generated by using ClustalW, implemented in MEGA 4 with the default settings (33) . Aligned sequences were trimmed to match the genomic regions of the viral sequences obtained in this study, and phylogenetic trees were generated by MEGA4 using the neighbor-joining method with amino acid p-distances and 1,000 bootstrap replicates. The GenBank accession numbers of the viral sequences used in the phylogenetic analyses are shown in the trees.
Nucleotide sequence accession number. High-quality sequences and contigs of veterinary sample metagenomes have been deposited in the short-read archive of GenBank under accession no. SRA044033.
RESULTS
Virome overview. Viral nucleic acids enriched from 47 fecal samples from California sea lions were randomly amplified and pyrosequenced, generating Ͼ600,000 sequence reads. For each sample, sequence contigs were assembled and, together with singlets longer than 100 bases, were taxonomically classified based on the best BLAST scores (E Ͻ 0.001). Approximately 25% of the total reads showed detectable similarity to eukaryotic viral sequences, and 21% matched bacteriophage sequences.
The majority of the eukaryotic viruses detected belonged to DNA and RNA viral species not previously reported for marine mammals ( Table 1 ). The most abundant eukaryotic viruses were bocaviruses, from the family Parvoviridae (39% of the total eukaryotic virus reads), followed by astroviruses, from the Astroviridae (30%); densoviruses, from the Parvoviridae (10%); dependoviruses, from the Parvoviridae (9%); caliciviruses, from the Caliciviridae (7%); picornaviruses, from the Picornaviridae (2%); and rotaviruses, from the Reoviridae (2%). The most prevalent viruses were astrovirus, bocavirus, and rotavirus, detected in 51%, 38%, and 28%, respectively, of the animals tested. Averages of 1.6, 2.5, and 2.1 distinct mammalian viruses were identified in the feces of individual pups, juveniles, and animals in rehabilitation, respectively.
Comparison of viruses in different sea lion groups. The fecal viral communities of 14 unweaned pups (3 months old), 19 juveniles (2 to 3 years old), and 14 Californian sea lions in rehabilitation for various symptoms (Ͼ1 year old) were then compared ( Fig. 1 ). The percentages of eukaryotic virus reads compared to the total number of sequences read were 12%, 24%, and 35% for pups, juveniles, and animals in rehabilitation, respectively. The percentage of eukaryotic virus reads compared to total virus reads (i.e., including prokaryotic viruses) was lowest for the pups (22%), intermediate for wild juveniles (47%), and highest for the animals in rehabilitation (88%) (Fig. 1A) . The most abundant bacteriophage-like sequences found were those with similarities to the major double-stranded DNA podoviruses, siphoviruses, and myoviruses and the single-stranded DNA microviruses. The phage community in the pups had the most complex composition, with siphoviruses, podoviruses, myoviruses, and microviruses at 42%, 20%, 5%, and 26% of the total phage reads, respectively, while the phages in juveniles and animals in rehabilitation were less diverse, with 89% and 73% of their phage reads being related to microviruses (Fig. 1B) . Using Ն80% of the total viral reads as a criterion, phages dominated in 11/14 (79%) pups, 12/19 (63%) juveniles, and 5/14 (36%) animals in rehabilitation, while eukaryotic viruses dominated in 2/14 (14%) pups, 5/19 (26%) juveniles, and 6/14 (49%) animals in rehabilitation.
For all three animal groups, astroviruses and bocaviruses constituted the majority of the eukaryotic virus community (Fig. 1C ). Among eukaryotic virus reads, the percentages for astroviruses and bocaviruses combined were 95%, 68%, and 64% for pups, juveniles, and animals in rehabilitation, respectively. Compared with the other two groups, the juvenile group had higher percentages of dependovirus (23% of the total eukaryotic virus reads) and picornavirus (6%) reads, while the group in rehabilitation had higher percentages of calicivirus (14%) and densovirus (21%) reads (Fig. 1C) . 9910 LI ET AL. J. VIROL.
Astrovirus.
Astroviruses are positive single-stranded RNA viruses with a genome of 6.4 to 7.3 kb and have been identified in a wide variety of terrestrial mammals and birds (42) . Human astrovirus is a significant cause of acute pediatric gastroenteritis (24) . Recently, astroviruses have also been detected in marine mammals, including California sea lion, Steller sea lion (50), bottlenose dolphin, killer whale, and minke whale (64) . In this study, astroviruses were present in 24 of the 47 California sea lion samples and had high titers in 9 samples (Ͼ500 sequence reads). Sequence assembly within each samples generated 9 near-complete genome sequences, covering 80% to 99% of genome length (GenBank accession no. JN420351 to JN420358). As the astroviruses in samples 9715 and 9795 shared 99% nucleotide similarity with each other, a total of 8 astrovirus species were identified and temporarily named California sea lion astrovirus 4 (Csl AstV4) to Csl AstV11.
As typical mamastroviruses, Csl AstV4 to Csl AstV11 had three putative open reading frames (ORFs) encoding nonstructural proteins with ORF1a and ORF1b and a structural protein with ORF2 ( Fig. 2A and Table S1 in the supplemental material). The conserved protease motifs, RNA-dependent RNA polymerase (RdRp) motifs, and a ribosomal frameshift signal (AAAAAAC) in the ORF1a/1b overlap region were found in all Csl AstVs.
To determine the divergence in sequence among Csl AstV species and those of other AstVs, sequence alignments of ORF2 (encoding capsid) and ORF1b (encoding RdRp) were performed, and neighbor-joining trees were generated. The tree for the capsid protein confirmed that Csl AstV4 to Csl AstV11 were novel AstV species, having less than 60% amino acid similarity with the recently characterized Csl AstV1 to Csl AstV3 (50) and other AstVs, showing a high level of diversity among AstVs from a single host species (Fig. 2B) . The tree for the RdRp region revealed that California sea lion astroviruses formed three genetic clusters (see Fig. S1 in the supplemental material). The use of available RdRp sequences revealed that Csl AstVs 3, 5, and 11 were the mamastroviruses most closely related to the clade comprised of human AstV1 to AstV8, sharing as high as 92% amino acid similarity in the RdRp region. Picornavirus. Picornaviruses are small, nonenveloped, positive-sense, single-stranded RNA viruses with a genome size of 7.1 to 8.9 kb, encoding a single polyprotein (58) . Here, we found picornavirus sequences in 11 California sea lion samples that were abundant (Ͼ1,000 reads) in 2 juvenile samples (samples 1153 and 1162) from San Miguel Island. Sample 1162 contained two distinct picornaviruses, one having 99% nucleotide similarity to the strain in sample 1153. Assembly of the viral reads in samples 1153 and 1162 generated long contigs of 2 distinct picornaviruses, each covering more than 70% of the genome (GenBank accession no. JN420367 and JN420368). In sample 1162, a large 6.5-kb sequence spanned a partial 5Ј untranslated region (5ЈUTR); the complete leader protein L, P1, and P2 regions; and a partial P3 region, while in sample 1153, two fragments of 2 kb and 3.9 kb yielded a partial P1 region, the complete P2 region, and a partial P3 region (Fig. 3A) .
According to the International Committee on Taxonomy of Viruses (ICTV) (http://www.picornastudygroup.com/definitions /genus_definition.htm), the members of a picornavirus genus should share Ͼ40%, Ͼ40%, and Ͼ50% amino acid similarity in their P1, P2, and P3 regions, respectively. As the P1, P2, and partial P3 regions of the picornavirus in sample 1162 shared 46%, 39%, and 52% amino acid similarities with its closest relative, simian sapelovirus 2, the virus was considered a novel species in the genus Sapelovirus. The P1, P2, and P3 regions of the sapelovirus in sample 1153 shared 60%, 70%, and 75% amino acid similarity with its closest relative, the sapelovirus in sample 1162. Therefore, we temporarily named these two novel picornaviruses California sea lion sapelovirus 1 (Csl SapV1) and Csl SapV2. Known hosts for sapeloviruses therefore include pigs, monkeys, birds, and now Californian sea lions. The genome organization of Csl SapV1 is typical of a picornavirus, with a single large ORF encoding a near-complete polyprotein of 2,054 amino acids (aa). The polyprotein comprised a putative leader protein; the capsid proteins VP4, VP2, VP3, and VP1; and nonstructural proteins 2A to 2C and 3A to 3D (partially sequenced). The L protein was 94 aa and did not have significant similarity to any other protein. Phylogenetic analyses were performed on the partial P1 region and confirmed that Csl SapVs fell into the sapelovirus genus and were located close to the basal nodes of this clade, with a preferred association with mammalian sapeloviruses (Fig. 3B) . Phylogenetic analyses based on the partial 3D region yielded a similar topology (data not shown).
Calicivirus. Caliciviruses are single-stranded, positive-sense, nonenveloped RNA viruses with a genome size of 7.3 to 8.3 kb. The family Caliciviridae includes multiple genera, including Sapovirus, Vesivirus, Norovirus, and Lagovirus (20) . Among caliciviruses, only vesiviruses have been reported in marine mammals (41, 53) . We detected calicivirus sequences in 10 California sea lion samples. The vesivirus identified in one TMMC rehabilitation sample was San Miguel sea lion virus (SMSV), with approximately 90% nucleotide similarity to a previously sequenced isolate. The other caliciviruses identified here were novel sapoviruses (4 samples) and noroviruses (4 samples) and an unclassified calicivirus (1 sample).
Sapoviruses (SaVs), previously known as Sapporo-like viruses, are important enteric pathogens that cause diarrhea in humans, pigs, dogs, and mink (14, 39, 61) . Sapovirus sequences were found at a high abundance of 9,672 reads in a California sea lion with severe osteomyelitis and nephrolithiasis in rehabilitation at TMMC (sample 9775). One near-complete (7.4-kb) genome from sample 9775 and one partial genome (2.2 kb) from sample 1136 could be assembled (GenBank accession no. JN420369 to JN420370). These sapoviruses were temporarily named California sea lion sapovirus 1 (Csl SaV1) and Csl SaV2.
Csl SaV1 has the typical SaV genome organization, with two major ORFs (Fig. 4A) . The near-complete ORF1 encodes a polyprotein of 2,259 aa that can be theoretically cleaved into the nonstructural protein NTPase, a 3C-like protease, an RdRp, and a major capsid protein (VP1; 563 aa). ORF2 encoded a minor structural protein (VP2; 167 aa). Csl SaV1 shared as high as 57% amino acid similarity in the polyprotein region with human SaVs, while the VP2 protein showed an amino acid similarity of 65% with human and swine SaVs. The complete VP1 region showed the highest similarity (65% amino acid similarity) with human SaVs. The phylogenetic analysis of the complete VP1 protein of representative SaVs in the GenBank database confirmed that Csl SaV1 belonged to that genus and was most closely related to SaV genogroup V (Fig. 4B) . The partial VP1 region of 204 aa from Csl SaV2 shared the highest similarity (72% amino acid similarity) and phylogenetically grouped with human SaVs in genogroup II (see Fig. S2 in the supplemental material). Low titers of noroviruses (Ͻ50 sequence reads) were detected in 4 fecal samples from California sea lions. Norovirus is one of the leading causes of human viral gastroenteritis and a major contributor to cases of food-borne illness worldwide. The contamination of water ecosystems (25, 51, 63) and seafood (17, 60) by norovirus has been widely reported. The norovirus genome has three overlapping ORFs. ORF1 encodes 6 nonstructural proteins, including the viral polymerase RdRp, while ORF2 encodes the capsid protein VP1, and ORF3 encodes a minor structural protein, VP2 (20) . The norovirus sequences detected here were small fragments of different genome regions. For sample 1170, phylogenetic analyses based on the amino acid sequences of a 399-bp RdRp region (GenBank accession no. JN420373) (see Fig. S3 in the supplemental material) and a 319-bp VP1 region (GenBank accession no. JN420374) (Fig. 5) showed that the newly discovered CALIFORNIA SEA LION FECAL VIROME 9913 sea lion norovirus (Csl NV1170) was most related to genogroup II noroviruses, sharing Ͼ70% amino acid similarity. Rotavirus. Rotaviruses are nonenveloped, double-stranded RNA viruses consisting of 11 genomic segments (0.6 to 3.3 kb) with a total genome size of approximately 18 kb. The genus Rotavirus belongs to the family Reoviridae and contains 7 serologically distinct species (A to G). Rotaviruses have a triplelayered capsid structure made of 6 proteins (VP1 to VP4, VP6, and VP7). Rotaviruses are the most common cause of acute gastroenteritis in infants and young children and are common in a wide variety of terrestrial mammals and birds (49) . A recent study reported that rotavirus antibodies were detected in approximately 20% of the serum samples from Galapagos sea lion pups (n ϭ 125) and Galapagos fur seal pups (n ϭ 22). Rotavirus RNA was detected in 1 out of 18 fecal sample from Galapagos sea lion pups (16) .
In this study, rotavirus sequences were identified in 2 out of 14 samples from 3-month-old pups and 11 out of 27 samples from yearling/juvenile sea lions. Sequence assemblies produced fragments of different genomic regions, most of them too short to be phylogenetically informative. The rotavirus sequences from two samples (samples 1137 and 1244, each yielding Ͼ500 reads) shared 99% nucleotide similarity with each other. This rotavirus was temporally labeled California sea lion rotavirus 1 (Csl RV1). Phylogenetic analyses were performed on the amino acid sequences of a partial VP4 sequence (ϳ900 bp) and a partial VP2 sequence (ϳ500 bp) from sample 1137/1244 (GenBank accession no. JN420375 to JN420378). The outer capsid protein, VP4, and inner capsid protein, VP2, have both been used to define the rotavirus group/species genetically (16). Csl RV1 VP4 was closest to adult diarrheal rotavirus J19/B219, with a preferred association with group B lineages (Fig. 6) . A similar topology was seen with the partial VP2 region (see Fig. S4 in the supplemental material).
Bocavirus. Members of the genus Bocavirus from the family Parvoviridae are small, nonenveloped, autonomously replicating, single-stranded DNA viruses with a genome length of about 5.4 kb (59). Bocaviruses were initially discovered in the 1960s with two species, bovine parvovirus and canine minute virus (37) . Human bocaviruses are newly recognized human parvoviruses first reported in 2005 (2) and have been associated with respiratory tract disease and, possibly, gastroenteritis. Related species of human bocaviruses in feces have since been reported and associated with gastroenteritis (3, 26, 29) . Recently, bocavirus species were also identified in swine (6, 12) , gorilla (27) , and chimpanzee (52) . Here, bocaviruses were identified in 18 of the 47 California sea lion samples and were abundant in 7 samples (Ͼ500 reads). The assembly of each sample generated 6 near-complete genome sequences (5.1 to 5.4 kb) and 1 partial genome (2 kb) (GenBank accession no. JN420360 to JN420366). As the bocaviruses in four samples (samples 1136, 1153, 1187, and 1218) were nearly identical (Ͼ99% nucleotide similarity), a total of 4 bocavirus species were identified and temporarily named California sea lion bocavirus 1 (Csl BoV1) to Csl BoV4.
The genome organization of the Csl BoVs was similar to that of the other known bocaviruses (Fig. 7A) . It is predicted to contain three major ORFs, encoding the nonstructural proteins NS1 and (Fig. 7B) . Dependovirus. The genus Dependovirus belongs to the family Parvoviridae and contains small, nonenveloped, singlestranded DNA viruses with a genome length of about 4.7 kb (59) . Dependoviruses are mostly replication-defective adenoassociated viruses (AAVs), but some autonomous avian parvoviruses have also been classified into this genus (66) . Dependoviruses were found in human and several other mammalian species, avian species, and amphibian species and are considered commensal viruses (21) . Here, AAVs were identified in 6 California sea lion samples and were very abundant (Ͼ5,000 reads) in 2 juvenile samples from San Miguel Island. The assembly of each sample generated 2 near-complete genome sequences (ϳ4.4 kb) (GenBank accession no. JN420371 and JN420372), sharing 99% nucleotide similarity with each other. We temporarily named the novel dependovirus California sea lion adeno-associated virus 1 (Csl-AAV1).
The genome organization of Csl-AAV1 was similar to those of other known AAVs, with two large ORFs (see Fig. S5A in the supplemental material) encoding the putative nonstructural (Rep) and capsid (VP) proteins, respectively. Multiple Rep and VP proteins may be produced by alternative initiation or mRNA splicing. The left ORF encoded a putative Rep1 protein of 600 aa, which showed 64% amino acid similarity to bovine and caprine AAVs. The putative VP1 protein consisted of 718 aa, showing the highest similarity (63% amino acid similarity) with AAV11 from cynomolgus monkey. Phylogenetic analyses of the VP1 protein revealed that Csl-AAV1 fell inside the mammalian AAV clade and was most closely related to the bovine AAV cluster (see Fig. S5B in the supplemental material).
DISCUSSION
This study describes the composition of the viral communities in the feces of three groups of California sea lions. Pups showed the smallest overall number of eukaryotic virus reads and the smallest ratio of eukaryotic virus/bacteriophage sequences, possibly reflecting protection by maternal antibodies in these approximately 3-month-old animals. Diseased animals in rehabilitation showed the largest overall number of eukaryotic virus reads and the largest ratio of eukaryotic virus/phage sequences, an observation that may reflect increased host susceptibility to enteric infections in these weakened animals.
Sixty-seven percent of phage-like reads in unweaned pups were related to siphoviruses, podoviruses, and myoviruses, similar to the phage compositions of human and equine feces reported by previous fecal viral metagenomic studies (8, 9, 11) , showing that the majority of the phages (ϳ70%) were related to the tailed bacteriophages of the order Caudovirales. In contrast, the majority of the phage-like reads in juveniles (89%) and in diseased animals in rehabilitation (73%) were related to the single-stranded DNA microviruses. The less diverse phage composition in juveniles and animals in rehabilitation may reflect a similar change in their gut bacterial population.
All three animal groups showed a high level of coinfections, with averages of 1.6 distinct mammalian viruses for pups, 2.5 for juveniles, and 2.1 for animals in rehabilitation. This high level of coinfections with mammalian viruses may be an underestimate, and even deeper sequencing of the viral nucleic acids may have revealed an even greater diversity of viruses shed at lower levels. Whether the high number of viruses detected per animal is the result of frequent but rapidly resolving infections or of less frequent infections with long-term viral shedding, as seen, for example, with human bocavirus (40) will require analyses of longitudinally collected samples. Differences in viral load as reflected by the numbers of sequence reads might also reflect differences in the immune and health statuses of the hosts. The unweaned pups may have been partially protected from infections by maternal antibodies, whereas the animals in rehabilitation may have had reduced immune responses due to their concurrent diseases.
The presence of some eukaryotic viruses may also reflect the host diet. For example, feces from insectivorous bats contain a significant fraction of insect viruses and plant viruses (19, 35) , and porcine circovirus and plant viruses can be detected in human feces (34, 67) . Densoviruses, known to infect insects and crustaceans, were found exclusively in 6/14 sea lions in rehabilitation, which may be attributable to differences in the diet of captive versus wild sea lions, with the former being fed frozen herring (at times contaminated with nematode larvae and insects) rather than a variety of prey. A few other virus-like sequences of possible dietary origin were also detected in two animals in rehabilitation, namely, 2 nodavirus-related sequences (nodaviruses are known to infect insects and fishes) and 243 sequences which assembled into a Ͼ3-kb contig. This contig showed 23 and 34% amino acid identities with the capsid and nonstructural genes, respectively, of calhevirus, an unclassified member of the order Picornavirales thought to infect insects (28) . The relative paucity of eukaryotic viruses from expected food sources may be due in part to the low number of genetically characterized fish and cephalopod viruses relative to insect or plant viruses, making their detection by sequence similarity more difficult. The still-nursing pups are also expected to be less exposed to viruses from solid foods.
We therefore detected viruses of mammalian origin belonging to multiple RNA and DNA virus families in California sea lion feces. Except for SMSV, none of these viruses had close homologues among previously described viruses. The sapelovirus, sapovirus, norovirus, bocavirus, and dependovirus sequences are the first ones from a marine mammal host to be reported.
Astroviruses had the highest prevalence and were found in 51% of the California sea lion fecal samples. A greater level of astrovirus genetic diversity than that previously reported (Csl AstV1 to Csl AstV3) (50) was noted here (Csl AstV4 to Csl AstV11) in this small population sampling. Bocaviruses VOL. 85, 2011 CALIFORNIA SEA LION FECAL VIROMEshowed the second highest prevalence, with 38% of animals being infected with diverse variants. Overall, astroviruses and bocaviruses were the most abundant eukaryotic viruses detected, consisting of approximately 70% of the total eukaryotic virus reads. Whether these common viral infections are always commensal or can at times be pathogenic may depend on the overall health and immune status of the host and the presence of coinfections.
Our study provides an overview of the fecal virome of the California sea lion and significantly increases the diversity of viruses known to infect marine mammals, which now includes sapeloviruses, sapoviruses, noroviruses, bocavirus, and dependovirus. Characterization of the current baseline fecal virome of the California sea lion will help monitor future changes in its composition, which may be associated with disease outbreaks or population declines (22, 30, 57, 65) .
